Introduction
the 2019 International AIDS Society (IAS) HIV and HBV Cure forum took place on 20 and 21 July 2019 in Mexico City, Mexico, ahead of the IAS 2019 HIV Science Conference. Co-chaired by experts in both HIV and HBV fields, the forum focused specifically on the intersection between the scientific efforts in hepatitis B virus (HBV) and HIV-1 cure research and sought to encourage interaction between these two disciplines to accelerate the pace of cure discovery in both fields. Despite significant differences in HIV-1 and HBV clinical disease course, there are many similarities and shared challenges facing the development of a cure for each of the two infections (summarised in Box 1). the forum aimed to bring together specialists from the two research fields to foster an exchange of ideas and highlight the benefits of interdisciplinary research. research in both a HIV-1 and HBV cure share many similarities that range from basic science, pathogenesis and persistence to innovative therapeutic approaches. Identifying and quantifying viral reservoirs are both key aims for both infections, and, since both viruses have a reverse transcription step, there may be common therapeutic approaches either to eliminate the virus or to redirect immune responses. the keynote address, Hepatitis B virus: an ancient curse and the modern blessing for its cure, delivered by Jake Liang (national Institutes of Health, Maryland, USA) reviewed most aspects of HBV molecular biology with particular emphasis on current and novel viral targets that may help advancing more effective therapies. the HBV treatment with licensed therapies currently includes six nucleoside/nucleotide analogues and two types of interferon whose limitations include:
• rare loss of HBsAg-positive status in HBV carriers;
• treatment achieves only partial reversal of hepatic fibrosis and inflammation; • Decreased but not eliminated risk of hepatocellular carcinoma; and • High cost and adverse effects of prolonged therapy.
Several new viral and host factors were described as potential targets for drug development with a key goal being the inactivation of the covalently closed circular DnA (cccDnA), the vitally important stable HBV transcription template. Advancing the understanding of the cccDnA formation and function is critical to providing the basis for effectively disabling this replication intermediate. Strategies to inactivate cccDnA include inhibiting host factors required for its formation such as tDp2 [1] , disabling the HBx protein that affects the degradation of host restriction factors such as SMC5/6 that normally participate in cccDnA elimination [2] and the induction of ApoBeC3A to degrade cccDnA [3] . repurposing of existing pharmaceutical compounds as well as reverse and forward chemical genetics were proposed as methods to identify those that could lead to cccDnA inactivation. Such strategies would entail high throughput screening of small molecule libraries to recognise candidate drugs. Candidates with such capabilities are currently at an early stage of development. new advances are keenly awaited to understand their therapeutic potential.
for virus production is a focus of many HBV researchers, and, although achieving this crucial goal remains challenging, the field is poised to see significant progress in the near future.
Alternative targets for novel directly-acting anti-HBV agents include entry inhibitors such as Myrcludex B, capsid assembly disruptors (see summary of closing lecture) and HBV secretion inhibitors [4] . Gene silencing using synthetic sirnAs, gene and epigenetic modifiers with CrISpr/Cas and tALens were also mentioned and will be discussed in more detail in later presentations.
2 Biomarker of cure -understanding persistence A cure strategy will ultimately require HBV cccDnA eradication or permanent inactivation of integrated HIV-1 provirus. However, there remain gaps in our understanding of the drivers of cccDnA persistence in HBV infection and integrated provirus in HIV-1 and accurate measure and characterisation of cells harbouring them are presently significant barriers. In this forum, progress in recognising and measuring these populations as well as the key remaining challenges were presented.
Measuring the HIV reservoir: insights from single cell analysis
Lilian Cohn (Chan Zuckerberg Biohub, San francisco, USA) provided a comprehensive overview of recent advances in measuring HIV-1 latent reservoirs using single cell analysis. Strategies to characterise the viral reservoir and infected cells can be divided into two types: 1. nucleic acid-based assays which facilitate the analysis of viral/proviral sequences and HIV-1 integration sites, and 2. cell-based assays which characterise host transcriptome and protein expression of infected cells.
Studies identifying integration sites (ISs) have also been useful to analyse the clonal expansion of infected cells and the overall viral reservoir composition [5] . this data has also been key in understanding how specific ISs may modulate the HIV-1 proviral landscape and promote viral persistence. Several assays with various degrees of efficiency have also been developed to quantify intact integrated viruses (Box 2) [6] [7] [8] .
However, the gold standard to quantifying replication-competent virus is still the in vitro quantitative viral outgrowth assay (qVoA) [9] [10] [11] [12] , which has been especially useful in our understanding of how clones of replication-competent viruses persist longitudinally in individuals on long-term Art [13] .
Dr Cohn also presented an overview of cell-based assays, which help characterise infected primary cells: the HIV-1 flow [14] , HIV-1 SortSeq (Ho YC lab, unpublished) and the latency capture assays [15] . these use primary cells which are activated and then sorted for HIV-1 rnA (HIV-1 SortSeq) or cells expressing p24 (HIV-flow) or HIV-1 env (latency cell capture, LUre) and characterised by flow cytometry. the advantage of these assays is their ability to simultaneously characterise other cellular and molecular features of primary infected cells. these include assay of surface receptor expression (HIV-flow), gene expression (latency cell capture, HIV-1 SortSeq), integration site and HIV-1 splicing (HIV-1 SortSeq). However, these may have limitations related to the activation process, which may alter the cell phenotype.
Dr Cohn provided updates on technical advancements in singlecell rnA-sequencing (scrnA-Seq) techniques, which now enable high-throughput analyses and have the potential to significantly advance the field of HIV-1 cure research. the Seq-Well is a portable, low-input massively parallel scrnA-Seq platform, which allows robust single cell transcriptional analysis of peripheral blood mononuclear cells (pBMCs) from clinically acquired specimens in the order of 10,000 cells/sample [16] . this analytical approach was applied to samples from participants prior to and immediately after HIV-1 infection from the freSH cohort and revealed important characteristics of the immune response dynamics in terms of cell types, status, interactions and associated drivers. Additionally, it has facilitated the critical understanding of cellular events associated with spontaneous control of infection in the absence of treatment. A potential challenge for using this approach is the sophisticated infrastructure and human capacity that are needed to deal with large datasets and the complexity of integrating sequencing data with available analytical techniques.
Seq-Well: portable, low-cost high-throughput rnA sequencing of single cells
Another challenge involves addressing the relevance of sequences of circulating virions found after rebound following treatment interruption to those found in infected cells. prior work has suggested that intact proviruses identified from near full-length sequence analyses of circulating cells show approximately 40% overlap with viral sequences identified using viral outgrowth assays (VoAs), but no overlap with rebound viruses. the latter may, however, contribute to recombinant viruses found in blood [17] .
Measurement of CD4 t cells in blood as a biomarker for cure is also complicated as those present in circulation make up only a minority of the total number of CD4 t cells in the body [18] . the limitations of monitoring CD4 t cells in blood must be weighed against the risks and limitations of more invasive sampling strategies.
the challenges in terms of biomarkers to monitor HIV-1 cure are comparable to those in HBV cure research where cccDnA is relatively inaccessible to sampling and the surface antigen (HBVsAg) expression does not confirm the presence of replication-competent virus. researchers in both fields take into account that a reliable biomarker for cure will need to reflect true disease remission in tissue and not only in blood.
Clonal integration site expansion of infected cells is a main contributor of HIV-1 persistence in more differentiated t cell subsets during suppressive Art
Incomplete understanding of the drivers of viral persistence remains a major barrier in the field of HIV-1 cure. numerous studies have reported that a large proportion of the viral reservoir is made of clonally expanded infected cells, which may arise from homeostatic proliferation, antigen-driven proliferation or survival advantage conferred from proviral integration at specific sites in the host genome [7, 11, 19] .
Jori Symons (peter Doherty Institute, Melbourne University, Australia) explored the contribution of clonal expansion to HIV-1 persistence in different CD4 t cell subsets. In a cross-sectional cohort of 24 participants receiving suppressive Art (median 3.8 years), integration site analysis was performed in CD4 t cells sorted into naïve, stem cell memory, central memory, transitional memory, effector memory and terminally differentiated subsets. this analysis demonstrated that the contribution of clonal expansion to HIV-1 persistence increased with cell differentiation and that almost 60% of infected cells in the terminally differentiated subset were clonally expanded. Identical ISs were also found in multiple CD4 t cell subsets within a participant, implying that HIV-1 infected cells can differentiate while on antiretroviral therapy (Art). Additionally, larger clones were found more frequently in differentiated cells. Gene ontology and integrated pathway analysis showed evidence of a distinction between integrated genes and pathways in CD4 t cell subsets and single versus clonally expanded infected cells. In larger clones (>10%), HIV-1 ISs were found to be enriched in cancer genes, a result also consistent with the expansion resulting from homeostatic proliferation. this analysis also showed that HIV-1 integration in more differentiated cells frequently involved gene pathways associated with specific antigens, while single ISs more commonly involved chromatin structures that were inaccessible and in transcriptionally repressed genes. Collectively, this study suggests that mechanisms that maintain HIV-1 persistence in single and clonally expanded infected clones may differ. the HIV-1 provirus sequences from four individuals receiving Art for over 10 years were analysed longitudinally. Consistent with previous studies, most were found to be defective with large deletions. Sequences were then divided into five categories based on the deletion or preservation of D1 and D4 donor splice sequence, which in a recent study were shown to play a critical role in positive and negative selection of intact and defective proviruses [20] . the D1 + splicing was reported to enhance HIV-1 protein expression while D4 + proviruses were associated with aberrant splicing. the abundance of each provirus category was then estimated over time and fitted into a first order decay model with either all clones counted or each clone counted only the first time it was detected. When all provirus clones were considered, sequences from the intact and nearly intact category declined faster compared to the 3' deleted (D1 + D4 -) one which decayed faster than the 5' deleted (D1 -D4 + ) category and massively deleted (D1 -D4 -) proviruses. When clones were only counted once, 5' deleted (D1 -D4 + ) proviruses contracted as fast as 3' deleted (D1 + D4 -) ones while massively deleted proviruses showed minimal turnover. this data suggested that 5' deleted (D1 -D4 + ) proviruses associated with aberrant splicing may exhibit a greater propensity for clonal expansion and viral persistence compared to other categories of proviruses. Additionally, proviral
DnA decay appears to be most prominent in the initial 6 to 7 years after Art initiation before levels stabilise, reminiscent of the CD4 t cell reconstitution kinetics following Art-mediated viral suppression.
Immune activation markers associated with levels and diversity of intact HIV-1 proviruses during HIV/HBV co-infection
the final presentation of the session addressed how HBV may modulate characteristics of the HIV-1 reservoir in HIV/HBV coinfected individuals.
Xiao Qian Wang (Westmead Institute for Medical research, Westmead, Australia) presented data on the clinical correlates of intact HIV-1 provirus isolated from circulating CD4 t cells of Art-naïve HIV/HBV co-infected (n=19) and HIV-1 monoinfected (n=4) individuals recruited in thailand. A higher level of intact HIV-1 proviruses, analysed using the full-length individual proviral sequencing, fLIp assay, [21] ) was found in both co-infected (7-80%) and mono-infected (23-59%) individuals compared to prior studies. However, both groups had proviruses with comparable genetic diversity.
Most participants had genetically unique HIV-1 proviruses and no associations were found between HBV markers (HBV DnA and HBsAg) and the frequency and diversity of intact proviruses in the co-infected individuals. However, higher levels of immune activation markers, specifically plasma CXCL10, sCD14 and lipopolysaccharides (LpS), were associated with increased frequency of intact proviruses while sCD14 and CXCL10 were significantly associated with enhanced genetic diversity of intact proviruses in the co-infected individuals. Similar associations were, however, not found in the mono-infected group. Studies are now ongoing to explore the impact of HBV on the HIV-1 reservoir 3 years post-Art initiation. Understanding how HBV interacts with the establishment and persistence of HIV-1 following Art is critical given their overlapping epidemics.
HBV cure therapies: how do we measure success?
John tavis (Saint Louis University School of Medicine, USA) provided an overview of the issues of assessing the success of HBV cure therapies. A functional HBV cure is a stable state after therapy with sustained loss of HBsAg from blood, with or without seroconversion with the presence of HBs antibodies, and the likely persistence of intrahepatic cccDnA but not in blood. this is thought to indicate sufficient viral immune control to prevent disease progression in the liver, although the virus may re-emerge in the presence of deficient immune control [22] . A clinical definition of this state is, however, still lacking because of the lack of reliable HBV biomarkers.
the major hurdle facing HBV cure is the reactivation of replication as a result of persistent cccDnA at undetectable levels, this may occur after viremia clearance during acute infection. the persistence of cccDnA is demonstrable by the resurgence of disease in the presence of immune suppression.
of note, HBV can also integrate into the host DnA and, although it cannot support viral replication, integrants may produce HBV proteins, including the surface antigen [23] . Current HBV biomarkers in terms of disease course (Box 3) include HBV proteins and antibodies to HBV proteins that provide evidence of HBV replication and immunity, each with their caveats. Crucially, there is presently no reliable method to detect cccDnA, the most important indicator of persistent HBV infection. there is, however, consensus that ideal biomarker characteristics for HBV cure should: 1. report on the presence of cccDnA; 2. be non-invasive, e.g. serum derived; 3. be amenable to point of care testing; and 4. be affordable [24] .
the loss of HBsAg is currently the best indicator of HBV cure, although this marker may be unreliable for several reasons. first, a patient may eliminate cccDnA but produce HBsAg from integrated viral DnA. Second, HBsAg tests are not sensitive enough to detect trace levels of cccDnA. finally, despite HBsAg loss, replication may be reactivated from residual cccDnA, if viral immunity is not established or weakened by immunosuppression.
other viral proteins including HBeAg, HBV core antigen (HBcAg), polymerase and X proteins are also poor candidates as biomarkers as they are either present at too low concentrations or may be lost as a result of mechanisms other than cccDnA clearance [25] .
Dr tavis introduced potentially useful new HBV biomarkers during the forum. the HBV core-related antigen (HBcrAg) includes HBcAg, HBeAg and p22cr, a processing variant of HBcAg and is more readily detectable in blood. Data suggest a correlation with cccDnA function, but its detection is still limited by sensitivity issues and validation studies are still ongoing.
other potential markers include HBV rnAs which are secreted in virion particles. they are excellent biomarkers of functional cccDnA as they reflect production of essential HBV products such as pgrnA, HBcAg, polymerase and HBsAg. early results from validation studies indicate a good correlation between HBV rnA and cccDnA.
Although promising, these new potential biomarkers may be unreliable on their own and will need to be combined with others to assess HBV cure. A significant challenge in the field is understanding which combinations are most informative. Studies addressing this question are often hampered by a relatively small number of patients who have achieved functional cure on current treatment regimens.
the immune system is also seen a critical component to achieving HBV cure. there are many lines of evidence that support this notion such as the protective effect conferred by anti-HBsAg, either through natural clearance or immunisation, and the potential to relaunch HBV infection from a single cccDnA copy when immunity wanes. therefore, achieving an HBV cure will depend on the ability to establish immunity against the virus. Whether this can be achieved through enhancing innate or adaptive immune responses remains unknown and is discussed extensively in a later section (see section 5.1 Immunotherapy: vaccines and antibodies). It is not yet clear whether immune control, once established, can be a reliable biomarker of HBV cure.
Role of antivirals in HIV-1 and HBV cure strategies
Global HIV-1 eradication remains elusive with 1.8 million new infections in 2017, often associated with late diagnosis, gaps in linkage to care and incomplete viral suppression. the importance of a multipronged approach was emphasised with the need to improve ArV tolerability and convenience, thus maximising adherence as well as optimising pharmacokinetics and tissue distribution. these features are key to pre-exposure prophylaxis (prep) effectiveness, a strategy known to prevent HIV-1 transmission that impacts on both its incidence and prevalence [26] .
prolonged ArV half-life offers a way to improve adherence and is a focus in drug development (Annual rev Med 2019). Data on MK-8591, a highly potent long-acting new ArV studied as a parenteral formulation in rats and non-human primates, were presented D Hazuda (Merck and Inc., USA). Studies have shown that when delivered with an implant, it is concentrated for over 180 days in the tissues associated with viral transmission and replication, such as the gastrointestinal tract. Dr Hazuda discussed how p24 detection in tissue could be a much more sensitive marker than the p24 assay in blood and used for treatment monitoring. the drug could be available orally as a daily, weekly or monthly dose.
Massimo Levrero (University of Lyon, france) discussed the difficulty of defining HBV cure. He noted that there are many barriers to HBV cure when using currently available drugs in the context of cccDnA stability, integrated HBV DnA and a defective immune response to the virus in chronic carriers, none of which are directly addressed with current therapeutic strategies.
A functional HBV cure can be defined as an asymptomatic status and undetectable HBsAg and HBV DnA in blood but with the presence of cccDnA in liver. A complete cure would include unmeasurable cccDnA in the liver but with, potentially, the presence of integrated DnA. no evidence of HBV infection, including an absence of integrated viral DnA into hepatocyte genome, would be considered as a sterilising cure.
to achieve HBV cure, cccDnA stability and defective antiviral immune responses need to be considered. evidence suggests that cccDnA half-life is about 4 months and whether the pool is influenced by non-cytolytic elimination or hepatocyte turnover remains unclear. However, and as described above, there is no reliable way to measure cccDnA without carrying out a liver biopsy.
new antiviral drugs are being developed to address these challenges and to eliminate cccDnA by preventing its synthesis or increasing its degradation. Many options were presented at the forum, such as ccc_r08, a first-in-class orally available cccDnA destabiliser that has achieved sustained HBsAg and HBV DnA reduction in the HBV circle mouse model. Increasing hepatocyte turnover would also enhance cccDnA degradation but would be contraindicated in cirrhosis. Capsid inhibitors prevent virus assembly (see later) and could work as an intensification strategy, together with cccDnA destabilisers.
the other options presented were inhibitors of HBsAg release or HBV gene silencers aimed at suppressing HBsAg expression or cccDnA transcription. A 'shock and degrade' strategy for HBV cure similar to the 'shock and kill' approach in HIV-1 cure strategies is also being explored, although it may be limited by the infection burden in hepatocytes. Agents would be initially used to reactivate the virus and followed by the administration of cytokines and other small molecules to induce degradation of cccDnA and other viral DnA. this has parallels to the approaches under investigation in HIV-1, but will require a thorough assessment as HBV infection in hepatocytes may be substantially higher than in HIV-1 latently infected t cells.
overall, there is a strong interest in cure research based on use of antivirals for both HIV-1 and HBV diseases. for HIV-1 this could involve using very long acting ArVs to achieve a functional cure and for HBV, a complete cure may be achieved by successfully disabling cccDnA.
Advancing gene therapy to treat patients infected with HIV-1 and chronic carriers of HBV
Currently available technology, particularly in the field of gene editing, now potentially provides the means for an HIV-1 and HBV infection cure. Approaches include direct virus targeting as well as developing cellular resistance to infection.
Gene therapy for HIV-1
pablo tebas (University of pennsylvania, USA) presented recent progress in advancing HIV-1 gene therapy. Gene engineering of autologous CD4 t cells or CD34 + hematopoietic stem cells to block HIV-1 infection has been a popular approach. the method uses strategies that involve harvesting cells from patients, manipulation and selection ex vivo followed by reinfusion [27] . Valuable information for developing this technology was derived from the understanding of processes underlying the cure of timothy Brown, the 'Berlin patient'.
Although it generated considerable enthusiasm, a caveat remains in as so far as bone marrow transplants from patients with a CCR5 delta32/delta32 mutation are not always successful [28] . nevertheless, disabling CCR5 through gene therapy has been commonly used in an attempt to prevent HIV-1 infection of CD4 t cells.
In addition to using gene editing methods (CrISpr/Cas, transcription activator-like effector nucleases [tALens] or zinc finger nucleases [Zfns]), expression of CCR5-silencing short hairpin rnAs (shrnAs), tAt activation response (tAr) decoys and inhibitors of viral entry have also been tested [29] .
the first clinical trial using Zfns to mutate CCR5 was reported in 2014 [30] . results showed that, after analytical treatment interruption (AtI), the viral rebound and set-point correlated with the frequency of CCR5 mutation in CD4 t cells. Modest improvement of engraftment of modified cells could be achieved by including cyclophosphamide treatment. Despite low numbers of engineered cells in treated patients, improved HIV-1 specific immunity of CCr5-modified cells is likely to provide a survival advantage. However, an important limitation of this approach was that the treatment did not affect viral reservoirs.
engineering cells to produce antiviral proteins (AVps) is another strategy that looks promising [27] . the AVps may be secreted and typically act by preventing HIV-1 cellular infection by HIV-1. examples include antibody-encoding sequences, which importantly do not need to be expressed from non-hematopoietic cells to provide HIV-1 resistance.
promising results from preclinical evaluation of using CrSIpr/ Cas to target HIV-1 proviral sequences directly, together with ArVs [31] , were also presented. the procedure entailed sequential administration of long-acting slow-effective release antiviral therapy (LASer Art) followed by delivery of LTR-and gagtargeting CrISpr/Cas using recombinant serotype 9 adenoassociated viral vectors (AAVs). proviral sequences appeared to be completely removed from some of the HIV-1-infected humanised mice, as rigorous analysis failed to demonstrate viable HIV-1 in tissue from the animals showing a good response. this observation is important as it provides a proof of principle that gene editing may inactivate HIV-1 reservoirs and augurs well for gene editing as an approach to curing HIV-1 infection.
An indirect benefit to gene therapy has been derived from decades of intense research on the biology of HIV-1 replication. resulting information provided the detailed understanding needed to develop the now widely used replication-defective and safe recombinant lentiviruses. these vectors retain the property of integrating proviral sequences into infected cells, which may be harnessed to achieve sustained expression of therapeutic transgenes. Lentiviral transduction has been particularly important for advancing CAr-t cell therapy, which has rapidly gained popularity in cancer [32] and antiviral therapy [33] . Indeed, lentivector-transduced t cells are currently being developed to counter HIV-1 itself [34] .
Gene therapy for HBV
Man-fung Yuen (University of Hong Kong and Arrowhead pharmaceuticals, USA) presented a study involving clinical evaluation of gene silencing as a mode of HBV treatment. the candidate drug, ArC-520, comprises HBV-targeting short interfering rnAs (sirnAs) and a hepatotropic peptide that facilitates delivery and endosomal escape of the sirnA in liver cells [35] . Clinical trial data have shown a reduction of HBsAg in viral carriers, with a particularly impressive effect in HBeAg-positive patients. Multiple ArC-520 administrations produced several log reductions in many of the markers of HBV replication, especially HBV DnA. flexibility of the approach was confirmed by design of alternative sirnAs that are effective when the target site is disrupted in integrated DnA. It remains to be established whether the sirnA-based approach will be curative and possibly synergistic with other treatment modalities.
Approaches using gene editing to cure HBV infection are not as advanced as for HIV-1 therapy. Most studies, summarised at the forum by patrick Arbuthnot (University of the Witwatersrand, South Africa), have been based on preclinical evaluations.
A major advantage of using gene editing to treat HBV infection is that the technology provides the means to mutate and permanently disable the problematic replication intermediates including cccDnA (reviewed in [36] ).
predictably, there has been a plethora of articles describing the use of CrISpr/Cas to mutate cccDnA (reviewed in [36] ). Many of the studies have demonstrated inhibition of HBV replication in cultured cells, but compelling evidence for direct targeting of cccDnA has not always been present. Using CrISpr/Cas technology to inactivate cccDnA following systemic administration of vectors encoding antiviral gene editors may also be complicated by pre-existing immunity to the Cas9 proteins of commensal Streptococcus pyogenes and Staphylococcus aureus bacteria [37, 38] . Because systemic in vivo administration of vectors encoding gene editors is required for HBV therapy, immunity to the Cas9 proteins may attenuate antiviral activity. this problem is not as significant for HIV-1 gene editing approaches that entail ex vivo manipulation.
In addition to CrISpr/Cas against HBV, tALens have been shown to be effective in murine models [39, 40] .
As proteins derived from plant bacteria, tALens obviate the problem of pre-existing immunity. However adaptive immunity may well compromise efficacy following repeated administration of these gene editors. to improve specificity of action, unpublished work was presented that showed good efficacy of tALenS that function as obligate heterodimers.
Another approach that shows promise involves tALen-derived silencers to induce epigenetic changes of HBV sequences without causing cleavage of DnA. Despite evidence indicating that gene editing provides the means to disable cccDnA permanently, evaluation in preclinical models that closely simulate HBV replication will be an important precursor to clinical evaluation. Specificity of action, efficient hepatotropic delivery of the therapeutic nucleic acids and scalable drug production will be vital for the successful implementation of gene editing to treat HBV infection.
Immunotherapy

Immunotherapy: vaccines and antibodies
Immunotherapy is a therapeutic approach that targets or manipulates the immune system to harness the host's innate and adaptive immune responses to bring about the elimination of pathogens and(or) diseased cells [41] .
Both HIV-1 and HBV infections are characterised by immune dysregulation and, because of their shared routes of transmission, approximately 10% of HIV-1 positive patients worldwide are thought to be co-infected with both viruses [42] . Immunotherapy involving vaccines as well as antibody-based approaches is an avenue being actively investigated in the field of HIV-1 and HBV cure research.
Broadly neutralising antibodies as components of an HIV-1 cure strategy
the discovery of the 'next-generation' anti-HIV-1 broadly neutralising antibodies (bnAbs), some of which have shown to have extraordinary potency and very wide breadth in vitro, has sparked renewed interest in their potential for HIV-1 prevention and treatment through passive immunisation.
Katherine Bar (University of pennsylvania, USA) presented a convincing case for the use of bnAbs in HIV-1 cure-based on pre-clinical and clinical data generated in the short period since the availability of the 'next-generation' bnAbs. their ability to suppress viral replication by neutralisation of cell-free virions, potential for fc-mediated clearance of virus-infected cells and eliciting of a vaccinal effect through immune complex formation, together with their long half-life and relative safety make them highly attractive compounds for advancing cure strategies [43] .
Dr Bar reported on preclinical studies in chronically simian HIV (SHIV)-infected rhesus monkeys. Using bnAbs as mono or dual therapy, virus suppression, immune-modulatory effects as well as a reduction of proviral DnA in tissue reservoirs were demonstrated [44, 45] , thereby setting the stage for human clinical trials testing.
A bnAb that targets the viral CD4 binding site, VrC01, was tested in individuals that had initiated Art during chronic [46] or acute infection [47] in separate trials. Although both studies reported only a modest increase in time to rebound following Art interruption, the chronic Art-initiation trial resulted in a significant increase in VrC01-resistance, whereas no change in sensitivity was observed in the acute Art initiation one. no prior testing for virus sensitivity to VrC01 was undertaken in either of these trials.
three infusions of two bnAbs (3BnC117 and 10-1074) and pre-screening for viral sensitivity [48] showed a more prolonged viral suppression (median of 21 weeks) after Art interruption in antibody-sensitive individuals. Antibody-resistant viruses did not emerge and two individuals showed viral suppression long after both bnAbs had been cleared (>30 months).
Another study with SHIV-infected rhesus macaques passively infused with the same two bnAbs during acute HIV-1 infection resulted in sustained suppression of viremia in a subset of animals. the effect could be attributed to potent CD8 t cell immunity [49] thereby reinforcing the idea that early treatment with bnAbs can enhance cellular and humoral immunity [50] .
finally, a passive infusion of a bnAb (pGt121) together with vesatolimod, a latency reversal agent, toll-like receptor 7 (tLr7) agonist were administered to SHIV-infected rhesus macaques that had received ArVs during acute infection. A subset of treated monkeys (5/11) [51] did not show viral rebound following Art cessation. these animals had undetectable viral DnA in pBMCs and lymph nodes and failed to transfer infection to naïve hosts following adoptive transfer of pBMCs and lymph node mononuclear cells. furthermore, viral loads remained undetectable following CD8 t and nK cell depletion. Although this study makes a convincing argument for the efficacy of bnAb administration combined with innate immune stimulation, a caveat is that it represents an idealised system of hyper-acute Art in non-human primates.
'next-generation' bnAbs, which have been engineered to improve their therapeutic properties, i.e. with enhanced breadth, effector function and extended half-life were also discussed. Several clinical trials involving bnAbs in various combination strategies are currently in progress and many more are planned that will provide valuable information for future cure strategies.
An example of such bnAbs (BilA-SG) was the subject of the talk presented by Dr Mengyue niu (University of Hong Kong, HK). previous work of this group has shown that as an engineered tandem bi-specific bnAb, it displayed substantially improved breadth and potency. When administered using an AAV vector, it showed complete viremic control and elimination of infected cells in a humanised murine model [52] . Dr niu presented new unpublished data showing that BilA-SG fully protects Chinese rhesus macaques from a lethal dose of SHIV. A single, early therapeutic administration can prevent rapid disease progression and leads to sustained virological control in the presence of strong humoral and CD8 t cellular responses. Although further studies addressing the pharmacokinetics, tissue distribution and antibody development of this new class of molecules will need to be carried out [53] , their performance in human clinical trial settings is awaited with great interest.
Multiscale imaging of therapeutic antibody distribution and localisation
thomas J Hope (northwestern University, Chicago, USA) delivered a captivating talk on multi-scale imaging of therapeutic antibody distribution and localisation. fluorophores conjugated to antibodies allow the direct visualisation and quantification of intravenously administered antibodies in plasma, tissue and mucosal secretions [54] .
therapeutic antibodies currently represent the fastest growing biotech sector, however very little is known about their body distribution following an infusion [54] . Dr Hope focused specifically on how function-enhancing modifications can dramatically alter their body distribution in vivo. He described how the VrC01 LS mutation, a change in the fc fragment made to prolong the antibody half-life, alters its pattern of early distribution in primates.
Wild type VrC01 accumulated in the liver and small intestine, while the LS variant was concentrated in highly vascularised tissues such as the heart, lungs, uterus and colon. However, by 1 week after administration both antibodies had similar distribution. this technology will provide much needed insight into the mechanisms mediating antibody distribution to specific anatomical sites, which will be immensely valuable in advancing the wide use of therapeutic antibodies.
Ad26 and MVA therapeutic vaccines in acutely treated HIV individuals
therapeutic vaccination against HIV, HBV and other pathogens aims to reprogram the host's immune response to allow for better control of viral replication in the absence of therapy [55] . Dr Donn J Colby (thai red Cross AIDS research Centre, Bangkok, thailand) presented data from a trial in which the Ad26/MVA HIV-1 vaccine (recombinant adenovirus serotype 26 prime with a modified vaccinia Ankara boost -US Military HIV-1 research program) was tested as a therapeutic vaccine in 18 acutely Arttreated individuals with nine participants in the placebo arm.
Although the vaccine proved to be safe and immunogenic in terms of humoral, ADCC, CD4 and CD8 t cell responses, it failed to lead to Art-free viremic control. the median time to viral load rebounds (>20 HIV-1 copies/ml) was 20 days, with no occurrence of an acute retroviral syndrome or new resistance mutations. Data analysis to characterise biomarkers that could predict viremic rebound are ongoing. Dr Colby concluded by suggesting that a tLr7 agonist in conjunction with the vaccine may be more successful. In future trials it may be more informative to allow for longer ArV interruption to accurately assess the post peak viral load set-point.
Restoring or replacing adaptive immunity in hepatitis B
turning the focus to HBV, Dr Mala Maini (University College London, London, UK) gave an up-to-date, detailed overview of why and how an immunotherapeutic approach towards a functional cure for chronic hepatitis B (CHB) should and could be tackled.
Dr Maini suggested that the rationale for an immunotherapeutic approach towards an HBV cure is based on the knowledge that most infected adults manage to resolve HBV infection and maintain residual virus under successful long-term immune control. Also, even when HBV is chronically established, it remains susceptible to immune control. Although the focus of Dr Maini's presentation was on the restoration of the anti-HBV adaptive immunity, she mentioned the importance of intrinsic/innate immunity as a key stage where therapeutic interventions may be applied. Such interventions include hepatocyte-targeted interferon-α modifications, Ltrβ, rIG-I, LXr and tLr-7/8/9 agonists as well as the use of immunomodulatory cytokines like IL-12 (a cytokine able to rescue exhausted CD8 t cell responses [56] ).
the generation of a complex repertoire of virus-specific B and t cells with helper or cytotoxic effects during HBV infection is considered of paramount importance and ultimately determines the outcome of infection [57] . therefore, CHB can be viewed as an immunological disorder [58] , which leads to multiple humoral and cellular immunity defects. Dr Maini illustrated how studies have shown that in individuals with CHB a subset of regulatory B cells mediates anti-HBV CD8 t cell response suppression through IL-10 secretion [59] . Also, although HBsAg-specific B cells have been found to persist in blood and liver, they were found to have defective antibody production in patients with CHB [60] .
With an emerging role for humoral immunity in chronic HBV infection control, Dr Maini suggested that it is imperative to identify and target molecular constrains of B cell immunity as part of a functional cure. It is also well established that in CHB, virusspecific t cells are depleted and functionally defective and that this exhaustion state is a key determinant of viral persistence [61] .
Dr Maini elaborated how multiple mechanisms are at play to constrain HBV-specific t cells. these include the high quantity of antigenic peptides and duration of exposure to antigen load, the up-regulation of multiple co-inhibitory receptors (including pD-1, LAG-3, tim-3 and CtLA-4), transcriptional, metabolic and epigenetic defects, negative regulation by nK cells and suppressive cytokines.
therefore, tailored therapeutic approaches are required to boost virus-specific t cell responses. these can include therapeutic vaccination, approaches to reduce HBV antigen production (e.g. by rnA interference), use of immuno-regulatory cytokines (e.g. IL-12, Inf-α), checkpoint blockade alone or in combination with therapeutic vaccines, use of mitochondrial antioxidants to reverse t cell mitochondrial defects and careful timing and manipulation of liver nK cell immunity to block their pathogenic effects but enhance their protective functions [62] .
other immunotherapeutic approaches entail 'replacement of the endogenous adaptive immunity' by: 1. adoptive transfer of genetically engineered t cells that can either express a canonical HLA class I restricted t cell receptor (tCr); 2. administering chimeric antigen receptor (CAr-t cells) [61] ; and 3. using therapeutic monoclonal or bi-specific antibodies.
Lastly, Dr Maini discussed how optimising the immunogenicity of therapeutic vaccines can be achieved by careful selection of the patients and strategic and rational vaccine design. Boosting HBV immunity will be a trade-off between immunity and immunopathology since the liver injury is immune-mediated. Because CD8 t cells mediate both protection and liver injury, hepatic flares are likely to be an inevitable result of immune boosting. A question that arises is whether the promotion of non-cytolytic responses together with controlled hepatocyte lysis to eliminate integrated DnA can be achieved. Dr Maini concluded by stating that efficacy of HBV-directed immunotherapy will require rational combinations of immunological and virological approaches for the various patient groups.
Immunomodifying agents
Engineered immune-mobilising monoclonal T cell receptors against viruses
the session focusing on therapies aimed at the direct modification of immune responses to mediate virus eradication was opened by Dr Lucy Dorrell (University of oxford, oxford, UK). She reviewed the challenges facing curative HIV-1 immunotherapy including minimal expression of viral antigens, immune evasion, inefficiency of methods to induce viral transcription, immune epitope escape, inaccessibility of sanctuary sites to cytolytic effectors, and cells that may be resistant to CD8 t cell-mediated killing. She then presented data on engineered immune-mobilising monoclonal t cell receptors (tCrs) against viruses (ImmtAVs). researchers have sought to redirect immune responses with soluble mediators such as bi-specific antibodies and chimeric-antigen receptor t cells (CAr-t cells) [63] [64] [65] . the ImmtAV molecules are an alternative approach, engineered from a t cell receptor with specificity for an HIV-1 target antigen in soluble form linked by a CD3 activating antibody fragment (anti-CD3 scfv). When an antigen is processed and presented on the appropriate type of HLA molecule, the ImmtAV will bind the free anti-CD3 scfv and engage nearby cytolytic t cells, irrespective of specificity, to activate full effector function. the tCrs are antigen selected, cloned, affinity matured to reach high levels of binding efficiency and stabilised with interchain disulphide bonds. the approach seeks to leverage the convenience of soluble molecule manufacturing with the full range of intracellular antigens and efficient killing offered by t cell recognition. the platform has been developed for cancer immunotherapy [66, 67] and has multiple infectious disease applications in development.
promising proof of concept from the first HIV-1 gag-specific ImmtAV was presented showing activity at low effector-to-target ratios when tested ex vivo with CD4 t cells from HIV-1 positive patients on Art [68, 69] . Additional work will, however, be necessary to define the levels of viral antigen expression required in the reservoir for the approach to be effective, and evaluate whether the technology can indeed be translated across HLA types and assess potential toxicity.
Immunomodulators
two brief presentations highlighted attempts to target HIV-1 reservoirs within lymph nodes (Ln). extending their recent work on fX1, an inhibitor of the transcription factor B cell lymphoma 6 (BCL6) [70] , Dr Yanhui Cai (Wistar Institute, philadelphia, USA) presented data on the effects of fX1 on germinal centre (GC) formation. In prior studies, they had demonstrated that inhibiting BCL6, a transcription factor critical for t follicular helper (tfh) cells and function of other activated t cells, led to reduced HIV-1 infection ex vivo [70] . fX1 has been demonstrated to reduce GC formation in mice [71] , thereby highlighting its potential use to limit privileged sanctuary sites harbouring HIV-1. In a rhesus macaque model, fX1 treatment reduced lymphoid hyperplasia, tfh CD4 t cells and their precursors, markers of proliferation and BCL6 expression in GCs. the authors suggested that this type of approach may be useful for combination interventions that include recently described heterodimeric interleukin-15 (hetIL-15) agents. these compounds have been reported to enhance the activation and localisation of CD8 t cells in B cell follicles in Ln [72] , which addresses one of the challenges of directing potent effectors to sanctuary sites.
Maria pino (Yerkes primate Center, emory University, Atlanta, USA) presented a study on the use of fingolimod at the time of Art initiation. this compound is a sphingosine-1-phosphate receptor modulator used in multiple sclerosis [73, 74] that promotes the retention of several types of lymphocytes within lymphoid tissue. Authors used this agent to address whether retaining lymphocytes in Ln would enhance contact between infected cells of the reservoirs and cytolytic effectors, and whether they could provide insights into the relative contribution of different sites (peripheral blood versus Ln) to the reservoir. twenty-two rhesus macaques were infected with SIV and started Art 6 weeks later to allow reservoir seeding. fingolimod was then administered along with Art for more than 8 weeks. In eight of the animals, Art was continued for an additional 10 months when it was interrupted and animals followed to determine time to viral rebound. As expected, fingolimod induced peripheral lymphopenia. Interestingly, this did not influence plasma viremia decay kinetics, suggesting that it is not dependent on CD4 t cell recirculation.
A SIV DnA and SIV rnA decline was noted using DnAscope and rnAscope in Ln of both fingolimod-treated and Art alone groups. A subset of animals treated with fingolimod had a slight delay in viral load rebound and lower viral set-point. these findings were associated with lower amounts of SIV DnA in follicular t helper cells. Work to define why there are differences in cell phenotypes is ongoing. these studies may help to identify which features associated with sanctuaries such as tissue localisation, cell type preference and(or) cell subset programming are the most critical barriers to HIV-1 eradication.
Lucy Dorrell also presented data of the initial studies working towards the development of ImmtAV molecules with HBV antigenspecificity. these have identified a potent and specific molecule for an HBV-specific ImmtAV cell with in vitro results showing elimination of targets expressing HBV antigens.
the features of immune dysfunction in CHB provide distinct challenges. Dr Garg from Gilead Sciences offered a broad overview of challenges facing immunomodulatory therapy. Specifically, current treatments block viral replication in CHB but do not inhibit HBV surface antigen production. As discussed elsewhere in this article, numerous features of the immune response are dysfunctional in CHB with a low frequency of antigen specific t cells, high rate of exhaustion of HBV-specific t cell responses and dysfunctional B cell responses. Some of these features are likely to be directly linked to chronic exposure to high antigen levels and specific tolerogenic liver environment [75] . While ImmtAV offers one type of approach to addressing these issues, another possibility to consider is immunomodulation directed at boosting endogenous responses. In order to do so, Dr. Garg presented data on the use of an agonist of the innate immune sensor, tLr8. this immune sensor has a broad distribution of expression and is found in monocytes, macrophages, dendritic cells, neutrophils and regulatory t cells. Stimulation induces IL-12p70 but not Ifnγ and in vitro studies shows induction of Ifnγ, reduced pD-1 expression on CD8 t cells and lower levels of regulatory t cells. these observations suggest a profile of increased effector capacity in response to tLr8 activation. Small animal models are limited as tLr8 is nonfunctional in mice and rats, but testing in the woodchuck hepatitis model achieved lower levels of HBV surface antigen associated with IL-12 induction, without a type-1 Ifn response. Direct tLr stimulation to enhance immune responses has also targeted tLr7 in the past. Data at the meeting supported this approach in HIV-1 cure efforts.
Sharon riddler (University of pittsburgh, pittsburgh, USA) presented a phase 1B randomised, blinded, placebo-controlled, dose-escalation study on the safety and biological activity of GS-9620 (vesatolimod), a tLr7 agonist. In the context of HIV-1, activation of innate immunity has been suggested as a pathway to stimulate viral expression and to enhance control of stimulated virus. the tLr7 agonists were shown to activate multiple immune cells and stimulate virus expression in SIV-infected rhesus macaques on Art [76] . In these studies, declines in measures of HIV-1 reservoir and sustained viral control after interruption of Art were observed in a subset of monkeys [76] . the tLr7 agonism in combination with therapeutic vaccination were associated with lower viral DnA levels, improved virological control and delays in rebound in SIV-infected rhesus macaques. In addition, combination with bnAb infusion in a SHIV-1 infection model led to delayed viral rebound and absence of detectable virus after treatment in a subset of monkeys [51, 77] .
earlier studies on healthy volunteers had demonstrated the safety of the agent at doses ranging up to 12 mg with detectable induction of interferon-stimulated genes at doses above 2 mg [78] . the current study enrolled 48 HIV-1 positive individuals who were randomised to receive vesatolimod at escalating doses (peak of 10mg x 3 plus 12mg x 7). there were no grade 3 or above adverse events related to the study drug or drug discontinuations as a result of adverse events. Vesatolimod induced CD69 expression on nK cells along with increases in interferonstimulated gene 15 (ISG15) and circulating cytokines (interferon gamma-induced protein 10 [Ip-10], interferon-inducible t cell-α chemoattractant [ItAC], and interleukin 1 receptor antagonist [IL-1rA]) in some participants at doses above 6 mg. there were no consistent increases in plasma viral load above 20 copies/mL or evidence of changes in HIV-1 rnA by single copy assay or in cell-associated HIV-1 DnA and HIV-1 rnA. further studies will be necessary to define the reasons for the differences between these results and the nHp studies. the authors reported that ongoing trials are evaluating the efficacy of vesatolimod alone or in combination with other therapeutic agents.
In another intersection between efforts aimed at HIV-1 and HBV cure, Dr Garg presented data on the use of checkpoint inhibitor blockade to counter HBV infection. Given the high rates of pD-1 expression among HBV-specific t cells [79] , checkpoint inhibitors offer means to achieve functional responses. enthusiasm for this approach has been somewhat tempered by the potential risk of activating t cell responses against a highly expressed antigenic target, but results from a dose escalation cohort in individuals with advanced hepatocellular carcinoma offer some insight [80] . overall, these results showed that anti-pD-1 therapy was generally safe and well tolerated with significant virological responses in a subset of participants, including one who showed HBsAg loss. these data provide some support for boosting endogenous immunity as a means of achieving an HBV cure.
for both HIV-1 and HBV infections, immunomodulatory therapies continue to be a balance between harnessing highly effective responses and limiting significant toxicities. novel approaches to achieve these goals offer both the opportunity to move closer to a cure and the chance to define critical pathways that maintain chronic infection.
6 Achieving a cure: the science and beyond the panel discussion was opened with an impassioned speech delivered by Moses 'Supercharger' nsubuga ('Stigmaless', Uganda) who has been living with HIV-1 since 1994. Moses outlined 10 reasons why he believes people living with HIV-1 need a cure (Box 4)
As a community advisory board member, Mr nsubuga stressed the need to simplify the language of science to inform communities affected by HIV of the efforts made to find a cure. He also emphasised that conferences give people hope and community advisory boards (CABs) should be empowered with 'cure knowledge' to inform people on ground level. there are many potentially dangerous misconceptions about an HIV-1 cure that need to be addressed (Box 5) through much needed educational activities and increased participation of community representatives at conferences and other training programmes.
Barriers to achieving a cure for both HIV-1 and HBV infections were discussed and included:
• lack of an appropriate animal models for these infections;
• absence of biomarkers in the cure field;
• host variability and various viral genotypes/sub-genotypes that require identification of the appropriate populations for evaluating therapeutic candidates and ethical considerations arising from testing cure therapies in humans; • barriers between companies, academic institutions, consortia, funding agencies and regulators impede accelerating research towards a cure; • communicating research in terms accessible to a range of stakeholders from those affected to medical practitioners, regulators and the public in general; • the need to engage with pharmaceutical companies to invest in development of research tools (biomarker, models); and • the absence of a roadmap to cure. As we consider the development of a cure, a thorough understanding of what 'cure' means is important, in particular to dispel some of the myths. there is a danger to assume that the research community understands what is required; there is a need for better communication within and across communities (research, clinical, industry, civil society) as well as for increasing HBV cure advocacy. A concerted effort to work together and facilitate crosstalk and exchange of knowledge and ideas will be vital.
It is important to acknowledge the context in which a cure is being developed. relationships with potential clinical consequences such as hepatocellular carcinoma in HBV carriers need to be taken into consideration. effective cure therapies will need to be measured against the ever-improving ArVs and an existing vaccine. A major barrier to finding an HBV cure is that research remains heavily underfunded. Despite progress in treatment and the availability of a prophylactic vaccine, increasing global mortality from chronic HBV infection, currently approximately at 800,000 individuals per annum, more than supports the belief that a cure is indeed necessary.
A cure for either HIV and(or) HBV infections is unlikely to be a magic bullet and will require a combination of approaches involving new therapies. Given the available technologies, we can explore human immunology with precision using small amounts of clinical material. this opportunity should be leveraged. Clinical research ought to be shifted from the much studied white males to include groups such as natural and post-treatment controllers, and more women in cure trials as well as communities generally underrepresented in clinical trials such as those of African descent in order to be able to assess efficacy in all populations. Given that many cure therapies will involve unknown risks, there will be obstacles in communicating the risks to study participants and community engagement will be key to cure development.
Identifying the adequate target populations for such a goal, addressing stigma, accessing hard-to-reach populations, ensuring drug and partner safety and obtaining fully-informed consent from participants are some of the key ethical considerations that are potential barriers to HIV-1 and HBV cures.
Closing session
raymond Schinazi (emory University, Atlanta, USA) gave the forum's closing lecture on 'Disruptive discoveries for HBV treatment and eradication'.
targeting the HBV capsid with small molecules called capsid assembly effectors (CAes) is a promising strategy towards HBV elimination as the capsid is key to several steps of viral replication. these include packaging of pregenomic viral rnA, viral particle budding from the endoplasmic reticulum and maintaining the all-important cccDnA. the CAes thus potentially disrupt many steps in HBV replication. More than 175 compounds have been synthesised and tested in various models of HBV replication. Lead compounds were selected from those that most effectively inhibited production of markers of HBV replication in cultured cells and led to the identification of GLp-26. Secretion of HBeAg, a surrogate marker for cccDnA function, was also reduced in cultured HBV-infected HepG2-ntCp cells. Moreover, a cccDnA decreased concentration confirmed that the compound had an effect on this replication intermediate. evaluation in vivo showed that GLp-26 was bioavailable after oral administration with a long half-life. Good efficacy was also demonstrated using the model of HBV-infected immunocompromised mice that had been xenografted with human hepatocytes. Combination with entecavir (etV) showed synergistic action with delayed viral rebound, ranging from 3 to 9 weeks, following cessation of treatment. these promising results have prompted clinical evaluation, which is anticipated during mid-2020.
An update from the Sunnylands Summit, 'the path towards ending HIV' was presented by Sharon Lewin (Doherty Institute, Melbourne, Australia). the meeting, jointly hosted by the IAS and the Annenberg trust at Sunnylands, aimed to define a target product profile (tpp) for an HIV-1 cure applicable in low and lower-middle income settings, taking into account the expected technological, delivery and funding landscape of HIV-1 interventions, such as the future use of long-acting Art, bnAbs and various treatment modalities. following this summit, two key outputs were determined: the creation of the HIV Cure Africa Acceleration partnership (HCAAp), a public-private partnership focusing on low and lower-middle income countries in Africa and the establishment of a working group to develop tpps for an HIV cure.
